Blood vessels in tumors often exhibit abnormal morphology and function, which promotes the growth, metastasis and resistance of tumors to conventional therapies. Therefore, vascular normalization is an emerging strategy to enhance the effectiveness of radiotherapy and chemotherapy when used in combination; however, there is a lack of evidence regarding the optimal schedule for the co-administration of anti-angiogenic and chemotherapeutic drugs. Scheduling treatment is important as the period for normalization is transient, also known as the 'time window'; however, no biomarker has been identified to detect this window. In the present study, recombinant human endostatin (rhES) was employed as an anti-angiogenic agent in xenograft tumor tissue in mice. Following rhES or control (saline) treatment, the density and integrity of tumor vessels were detected by immunofluorescence staining for cluster of differentiation 31 and α-smooth muscle actin; the level of hypoxia in tumor tissue was examined by immunohistochemistry with pimonidazole; the necrotic area was evaluated by hematoxylin and eosin staining; and the level of thrombospondin-1 (TSP-1) in plasma was tested by ELISA. The Cell Counting Kit-8 assay was also used to evaluate the effect of rhES on the proliferation of colon carcinoma SW620 cells. A 'time window' normalized vasculature was determined between day 4 and 6 following rhES treatment, and accompanied by a decrease in hypoxia in tumor tissue. Decreasing plasma TSP-1 levels were consistent with changes in vascular morphology and hypoxia, which exhibited features of normalization. In addition, rhES had no effect on the proliferation of SW620 cells, suggesting that the reduction in TSP-1 was associated with increased oxygen content during vascular normalization, rather than inhibited cell proliferation. In conclusion, TSP-1 may be a potential biomarker for predicting the normalization window of colon cancer vessels.
Introduction
Angiogenesis is a key factor associated with the development of solid tumors, being required to provide adequate nutrition and prompt waste disposal in the tumor microenvironment. Angiogenesis may also serve a role in the shedding of neoplastic cells in the initial stage of metastasis (1) . The idea that anti-angiogenic therapies may be used to repress the supply of nutrients and oxygen in order to starve tumor cells and reduce metastasis was first reported by Folkman (1) , who proposed the novel theory of inhibiting tumorigenesis via an anti-angiogenic approach. However, attempts to de-vascularize tumors may result in the exacerbation of hypoxia and acidosis within the tumor microenvironment (1, 2) , an event which reportedly enhances chemoresistance (3, 4) , reduces the efficacy of radiotherapy (5, 6) , increases tumor cell malignancy and promotes metastasis (2, 7, 8) . Considering these issues, Jain (9) proposed that the tumor vasculature undergoes a transition from an abnormal to normal state following anti-angiogenic therapy, which may improve blood vessel structure and function. Therefore, treatment with anti-angiogenic therapy may reduce the hypoxic regions within tumors and increase tumor perfusion (9, 11) . This may allow enhanced delivery of cytotoxic agents to the tumor via improved blood vessel structure and function, improving the efficacy of radiotherapy (3) (4) (5) (6) (7) 10, 11) .
However, the period in which the tumor vasculature becomes normalized is transient; this 'time window' may be associated with the balance of anti-angiogenic and pro-angiogenic factor activation, which affects drug resistance (9, 11) . Thus, identifying the duration of tumor vasculature normalization is crucial. In addition, patients can demonstrate varying sensitivities to anti-angiogenic therapies, and some patients may experience severe side effects, including hemorrhage and thromboembolism (12) . Therefore, identifying biomarkers associated with vasculature normalization may prove useful in the determination of which patients may benefit from anti-angiogenic therapy, as well as in the optimization of treatment with anti-tumor therapies (12) .
Several studies have investigated the application of the biomarkers associated with anti-angiogenic therapy: Schneider et al (13) suggested that vascular endothelial growth factor (VEGF)/VEGF receptor 2 (VEGFR2) genotypes may be used to predict the therapeutic efficacy and toxicity of bevacizumab in patients with advanced breast cancer. In addition, findings have suggested that soluble VEGFR1 (also known as sFlt1), which inhibits VEGF activity, may be a promising biomarker of vascular normalization (14) . However, these effects do not appear to be associated with solid tumor vasculature normalization, which is characterized by decreased regions of hypoxia and decreased interstitial fluid pressure (IFP) (9, 14) . The IFP of tumors can be monitored; however, a tissue puncture examination cannot be performed, as this may promote the metastasis of tumor cells. Recently, Lassau et al (15) used dynamic contrast enhanced ultrasonography to observe tumor vascular normalization. This method appeared to be suitable for clinical use for measuring the degree of tumor blood perfusion over time.
Thrombospondin-1 (TSP-1) was the first characterized endogenous angiogenesis inhibitor, which induces the apoptosis and inhibits the migration of endothelial cells by binding to cluster of differentiation (CD)36 and CD148 (16) (17) (18) . Metronomic chemotherapy can upregulate TSP-1 expression and maintain the balance between pro-and anti-angiogenic factors; and thus tumor vasculature normalization may be induced (19) . Firlej et al (20) reported that high expression of TSP-1 in prostate cancer may inhibit angiogenesis; however, tumor progression may be promoted. A major concern is that anti-angiogenic therapies could excessively aggravate hypoxia and stimulate the migration of cancer cells (2) . It has been reported that hypoxia modifies calcium homeostasis in prostate carcinoma C4-2 cells and may also induce the expression of TSP-1 (20) . Tumor vasculature normalization may create a transient condition that alleviates hypoxia (9) . Thus, TSP-1 expression levels in the blood may be used to monitor the vascular normalization 'time window'. In the present study, recombinant human endostatin (rhES) was employed as an anti-angiogenic agent to evaluate the association between TSP-1 expression levels and tumor vascular normalization.
Materials and methods
Cell isolation and culture. The colon carcinoma cell line SW620 was purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China) and was cultured in Dulbecco's modified Eagle's medium at 37˚C in 5% CO 2 . (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml penicillin-streptomycin.
Animal care and tumor establishment. The present study was approved by the Laboratory Animal Ethics Committee of Jinan University (Guangzhou, China). Female BALB/c (nu/nu) mice (n=40; 4 weeks-old; mean body weight, 18.0±2.0 g) were obtained from Beijing HFK Bioscience Co., Ltd. (Beijing, China), and were maintained under specific pathogen-free conditions with food and water provided ad libitum. The institutional laboratory housing temperature was maintained between 23 and 25˚C and the relative humidity was maintained between 45 and 60% with a 12-h light/dark cycle. Prior to implantation of tumorigenic cells, blood was obtained from the corner of the eye of all mice, with 50-100 µl obtained each time to determine the basal expression levels of TSP-1. Xenograft tumors were generated via subcutaneous injection of SW620 cells (3x10 6 cells/mouse) into the right flank. Tumor size was measured daily using Vernier calipers, and the volume (V) was calculated as follows: V=(length x width 2 ) x0.523. Treatment with rhES [5 mg/kg, diluted with normal saline (NS) to a final volume of 150 µl; n=20] was applied via an intraperitoneal injection when the tumor size ranged between 100-150 mm 3 . The same volume of NS was injected as a control (n=20). Reagents were administered continuously for 4 days, and then every 2 days by single injections. Tumor tissues were collected on days 0, 2, 4, 6 and 12 and the extent of tumor vascular normalization was determined.
Hypoxia inducible factor (HIF)-1α/TSP-1 detection. Tumor samples (100 µg) were ground using a tissue grinder, then centrifuged at 14,000 x g for 30 min at 4˚C and the expression levels of HIF-1α were detected by western blotting. The levels of mouse TSP-1 in the serum were quantified using an ELISA kit (Abcam, Cambridge, UK) according to the manufacturer's protocol, plasma TSP-1 detection was performed 7 days before tumor implantation, on the day of tumor implantation, and 2, 4, 6, 9 and 12 days after tumor implantation.
Immunohistochemical analysis. Tissues were fixed in 4% paraformaldehyde at room temperature for 24 h and then paraffin-embedded, slices were sectioned 6 µm thick, deparaffinized in xylene for 10 min, and rehydrated via a graded alcohol gradient (100, 85 and 75%) and ddH 2 O, each for 5 min. Samples were then subjected to antigen retrieval at 95˚C using citric acid buffer (pH 6.0). Sections were incubated with a solution of 3% H 2 O 2 in methanol for 30 min, and rinsed twice with tris-buffered saline (TBS; 5 min per rinse). Subsequently, sections were blocked in 5% normal goat serum (Beyotime Institute of Biotechnology, Haimen, China) in TBS for 1 h at room temperature. The sections were then incubated with mouse monoclonal anti-pimonidazole antibody (1:50; HP1-200; Hypoxyprobe, Burlington, MA, USA) in TBS at 4˚C overnight. Sections were washed by TBS as aforementioned, then incubated with biotin-conjugated anti-mouse secondary antibody (1:200; A0286; Beyotime Institute of Biotechnology, Haimen, China) in TBS for 1 h at room temperature. Following rinsing, streptavidin-peroxidase was applied for 15 min at room temperature; the sections were developed with the chromogen 3,3'-diaminobenzidine at room temperature. The sections were dehydrated with graded alcohol (75, 85 and 100%) for 5 min, transferred to xylene for 5 min and then air dried for 30 min prior to mounting. Images were obtained using a Leica DM6000B microscope (Leica Microsystems GmbH, Wetzlar, Germany).
Immunofluorescence analysis. Tissues were fixed, paraffinembedded, sectioned, dewaxed, rehydrated and subjected to antigen retrieval as aforementioned. The sections were blocked in 2% normal goat serum for 1 h and stained with the following primary antibodies: Anti-CD31 (1:500; ab28364, Abcam) and anti-α-smooth muscle actin (α-SMA; 1:100; 14395-1-AP, Proteintech Group Inc., Rosemont, IL, USA), for labeling of the endothelium and pericytes, respectively. The sections were then washed with TBS and incubated with rhodamine-conjugated goat anti-rat immunoglobulin (Ig)G (H+L) antibody (1:50; SA00007-7, Proteintech) or goat anti-rabbit IgG-fluorescein isothiocyanate antibody (1:200; sc-2012, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 40 min at room temperature. The degree of pericyte detection was presented as a percentage of the length along CD31 + vessels.
Hematoxylin and eosin staining. The initial processing steps were the performed as aforementioned. Slides were flamed and immersed in xylene for 15 min, which was then repeated prior to hydrating the tissue sections via a decreasing series of graded alcohol (100, 90, 80 and 70%) and water. The sections were stained in hematoxylin for 5 min at room temperature, and then washed in running tap water for 5 min. The slides were placed in 1% acid alcohol (1% HCl in 70% alcohol) for 3 min, and washed in running tap water. The slides were then stained in 1% eosin Y for 5 min at room temperature and washed in tap water for 1-5 min, then dehydrated in increasing concentrations of alcohol (75, 85 and 100%) and cleared in xylene. Sections were cut into 6 µm, and then examined under a light microscope (Leica DM6000B) at x20 magnification. Necrotic regions were determined using ImageJ software (version 1.49; National Institutes of Health, Bethesda, MA, USA).
Western blotting. For western blot analysis, cells or flesh tissues were lysed on ice using PIPA buffer (P0013B; Beyotime Institute of Biotechnology, Haimen, Chain) supplemented with PMSF (ST506, Beyotime, Haimen, China). Concentrations were determined using a BCA protein assay kit (P0010S; Beyotime Institute of Biotechnology, Haimen, China). Proteins were loaded at a mass of 30 µg per lane were separated via SDS-PAGE (10% gel) and transferred to polyvinylidene difluoride membranes, which were blocked with a blocking solution (5% bovine serum albumin and 0.1% Tween 20 in TBS; Beyotime Institute Biotechnology) for 1 h at room temperature. Subsequently, the membrane was incubated with anti-HIF-1α primary antibodies (1:2,000; ab187524; Abcam) overnight at 4˚C, followed by incubation with horseradish peroxidase-conjugated secondary antibodies (1:2,000; 31460; Thermo Fisher Scientific, Inc.). The bands were visualized using an enhanced chemiluminescence detection system (ChemiDoc XRS; Bio-Rad Laboratories, Inc., Hercules, CA, USA) and were quantified using Quantity One software (version 4.6; Bio-Rad Laboratories, Inc.).
Detection of hypoxia in tumors.
For the detection of hypoxia, mice were divided into two groups, the control mice (n=20) were treated with PBS, and the treatment mice (n=20) were treated with Endostar. Following treatment, each mouse was injected intraperitoneally with 60 mg/kg pimonidazole (Hypoxyprobe). After 1 h, tumor samples were collected, frozen in liquid nitrogen and cryosectioned into 10-µm sections, and immunohistochemical analysis was performed as above.
In vitro cell viability assays. The viability of SW620 cells was measured using a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan). Briefly, cells were seeded in 96-well plates (10 4 cells per well) and treated with Endostar (0, 25 50 and 100 ug/ml) or PBS for 24 h at 37˚C in 5% CO 2 . CCK-8 reagent (10 µl) was added to each well, and the plates were incubated at 37˚C in 5% CO 2 for another 2 h. Absorbance was measured at 450 nm using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).
Statistical analysis. Data were presented as the mean ± standard error of the mean. Different groups were compared by one-way analysis of variance with Bonferroni post-hoc test or unpaired Student's t-tests. Statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Each experiment was conducted at least three times. P<0.05 was considered to indicate a statistically significant difference.
Results
Short-term rhES treatment induces a 'time window' of tumor vascular normalization. The 'time window' of tumor vascular normalization has been suggested to occur on days 4 to 6 following anti-angiogenic treatment; in most cases, maximum tumor vascular normalization occurred on day 7 (15, 21) . To examine the association between TSP-1 expression and vascular normalization, the vascular appearance, including the density and coverage of pericytes, in a SW620 xenograft tumor model was dynamically monitored. CD31 was used as a biomarker of vascular endothelial cells to detect alterations in vascular morphology and vessel density. The results of immunofluorescence staining demonstrated that vessel density significantly increased by day 12 compared with day 0 in the control group (P<0.05). In rhES-treated mice, the vessel density was significantly decreased at day 4 (P<0.05) and low vessel density persisted until day 6 ( Fig. 1A-D) .
Pericytes surround the vascular endothelium and are often used as an indicator of blood vessel function and integrity, and can be detected via α-SMA expression (22) . The present study observed that the pericyte coverage of tumor vessels was increased in the rhES-treated group, particularly at day 6 (P<0.05), while there were no significant differences in control mice ( Fig. 1E-H) . Collectively, these data indicated that anti-angiogenic treatment using rhES may facilitate a transient vascular normalization 'time window' that occurs approximately between day 4 and 6 following treatment. The ratio of α-SMA-positive to CD31-positive areas has often been used to identify the vessel maturity index (11, 22) . Analysis of vascular maturity (an important indicator of tumor vessel integrity) in the present study revealed that maturity significantly increased at days 4 and 6 in rhES-treated mice, compared with day 0 (P<0.001), while control mice exhibited no significant difference. These results suggested that rhES may transiently normalize tumor vessels; however, the maturity appeared to reverse to baseline at day 12. This may potentially be due to the continuous use of rhES resulting in abnormal vessel development by subsequent over-pruning ( Fig. 1I and J) .
Tumor tissue exhibits reduced hypoxia during the 'time window' of tumor vascular normalization. Rapid growth of solid tumors is often accompanied by hypoxia, which increases the degree of malignancy and reduces the efficacy of therapy (9) . The remission of hypoxia is an additional feature of tumor vascular normalization (9, 21) , and therefore reductions in hypoxia may be applied in the prediction of the 'time window' associated with tumor vascular normalization. To evaluate the oxygen supply, the present study analyzed the pimonidazole staining patterns in tumors. The results revealed that the extent of hypoxia was significantly decreased at 6 days after treatment with rhES (P<0.05); however, it was observed that hypoxia was increased again after 12 days. (P<0.01; Fig. 2A and B ). This indicated that the tumor vessels were no longer normalized at day 12. To further detect the recovery of oxygen in tumors, HIF-1α levels in tumor sections were analyzed by western blot analysis. Compared with the expression levels at day 0, significant downregulation of HIF-1α was observed on days 4 and 6 (P<0.05), while no difference was observed on day 12 ( Fig. 2E and F) . In addition, the necrotic areas of tumor sections were analyzed, since this is established to be associated with hypoxia ( Fig. 2G-J) . The necrotic area increased continuously in control mice over the 12 day observation period; meanwhile, in the rhES treatment group, a significant decrease at day 6, but an increase at day 12 was observed (both P<0.05), which appeared associated with the levels of hypoxia induction. Collectively, these results demonstrated that the reduction in hypoxia may be temporary, and the duration of reduced hypoxia may coincide with the suggested 'time window'. Consistent with the 'abnormal-normal-abnormal' transformation of tumor vasculature, plasma TSP-1 expression levels fluctuate dynamically. The present study hypothesized that the oxygen content available to tumors is associated with the tumor vascular normalization 'time window', the analysis of hypoxia may theoretically indicate alterations in the duration of the window. However, current methods to detect tumor hypoxia are not readily applicable in the clinic. Therefore, the present study aimed to identify an effective biomarker of the tumor vascular normalization 'time window' based on secreted factors in the blood plasma.
TSP-1 is an endogenous anti-angiogenic factor associated with hypoxia. Therefore, the present study investigated whether tumor vascular normalization may induce corresponding alterations in the levels of TSP-1 in the plasma. First, rhES was applied to induce tumor vasculature normalization. To eliminate the effect of rhES itself on plasma TSP-1, the drug was used continuously (Fig. 3A) , which may generate abnormal tumor vasculature due to over-pruning. The tumor volumes did not differ significantly between the control and rhES-treated mice, except on day 4, which suggested that angiogenesis may have been controlled (Fig. 3B ).
Following treatment with rhES, the levels of TSP-1 in the plasma gradually decreased from day 2 to 6, after which TSP-1 level exhibited a gradual increasing trend (Fig. 3C ). This trend was consistent with the amelioration of the morphological characteristics of blood vessels; pericytes of vessels were increased, vessel density was decreased, and the improvements in tumor hypoxia observed in our previous experiments, the most direct effect of hypoxia improvement was that the area of hypoxia necrosis in tumor tissue was decreased (8, 9) . Conversely, TSP-1 levels in the control samples increased during the observation period. In addition, structural alterations in the morphology of the liver and kidney were not observed during treatment with rhES, indicating that rhES may not affect the expression of TSP-1 in other organs (Fig. 3D) . Meanwhile, the in vitro cell viability assays demonstrated that rhES only minimally affected SW620 cell proliferation, which suggested that rhES may not notably affect the secretion of TSP-1 by SW620 cells (Fig. 3E ). Therefore, alterations in TSP-1 levels may indicate the duration of tumor vasculature normalization, which may be associated with alleviations in hypoxia.
Discussion
Solid tumors receive nutrients and oxygen via pervasive abnormal blood vessels, which leads to hypoxia and increased interstitial fluid pressure (IFP) in the tumor stroma (1, 23, 24) . These events increase the degree of malignancy, and the risk of invasion and metastasis (25) ; the efficacy of radiotherapy and chemotherapy is also reduced. Normalization of the tumor vasculature via anti-angiogenic therapy can reduce hypoxia and decrease the degree of IFP (26) , which may enhance the effects of traditional anti-cancer therapies (27) (28) (29) (30) . Unfortunately, the tumor vascular normalization 'time window' is transient, and patients with various types of tumors may exhibit variations in their respective window (31) . Therefore, identifying a readily detected and representative biomarker to analyze the 'time window' may be critical in the application of anti-cancer treatment. The findings of the present study suggested that plasma TSP-1 levels following anti-angiogenic treatment may be used as an indicator of the progression of tumor vasculature normalization.
TSP-1 is a glycoprotein secreted from platelets and was the first identified endogenous protein inhibitor of angiogenesis (16, 23) . TSP-1 has an in vivo half-life of ~9 h (24) , which is beneficial for an endogenous marker. Hypoxia has been reported to increase the secretion of TSP-1 (25) and promote angiogenesis in tumors (32, 33) . The present study suggested that as tumor hypoxia decreases, the expression levels of TSP-1 in the plasma may change accordingly. Notably, it was demonstrated that plasma TSP-1 expression levels decreased from day 4 to day 6 following treatment with rhES; these levels returned to those of the control group from day 9. Alterations in the levels of TSP-1 were accompanied by changes in vascular morphology, which exhibited features of normalization. In accordance with these changes, HIF-1α expression in the tumor tissue reflected a decrease in hypoxia. Additionally, the control and rhES-treated groups exhibited gradual increases in the expression of TSP-1, which was accompanied with increases in tumor volume under hypoxia. However, plasma levels of TSP-1 fluctuated in the rhES-treated group but not in the control mice. RhES, a vascular angiogenesis-disrupting agent, has been reported to exhibit anti-tumor effects following treatment for 3 weeks (34) . However, in the present study, tumor volumes overall lacked significant differences between the control-and rhES-treated mice. This may be due to the short duration of the <1 week of induction of tumor vasculature normalization by rhES.
To further investigate the inhibitory effects of rhES on TSP-1 expression in vivo, continuous administration of treatment was conducted in the present study. This method of treatment may have produced effective decreases in hypoxia during the 'time window' and increased hypoxia in areas where tumor vessels were excessively depleted. Under these circumstances, dynamic alterations in TSP-1 expression levels were observed. Furthermore, it was observed that rhES did not notably affect the proliferation of SW620 cells and did not alter the structure of other organs. This suggested that the reduction in TSP-1 expression levels may be due to a negative feedback mechanism following increased oxygen content, which improved during vascular normalization, rather than inhibiting cell proliferation or via other underlying mechanisms.
Tissue puncture examinations can measure changes in IFP for analysis of the 'time window'; however, tissue puncture can cause damage to the body, restricting the use of this method. Furthermore, advanced 'vasculature' MRI techniques may be used to evaluate the structural and functional parameters of blood vessels over time, a possibility that has been researched previously (35) . Once identified, the anti-angiogenic 'time window', the time from the initiation of tumor vasculature normalization to the end, may be applied in the design of concomitant chemotherapy or radiotherapy regimens to enhance therapeutic effects, avoid unnecessary drug toxicities, and possibly reduce costs. Furthermore, this information may provide an opportunity to identify patients who may be sensitive to anti-angiogenic drugs, but not to mass medication. In the present study, tumor vasculature normalization was investigated via the analysis of TSP-1 levels, a readily detected factor that circulates in the blood.
In conclusion, TSP-1 expression increased in response to hypoxia, but decreased when hypoxia was alleviated in the 'time window' of tumor vasculature normalization, induced by rhES treatment in SW620-xenograft mice. However, whether the 'time window' induced by other anti-angiogenic drugs, including bevacizumab and cediranib, may be associated with TSP-1 levels requires further investigation. In addition, the efficacy of TSP-1 expression as a biomarker of the 'time window' for a variety of anti-angiogenic drugs in the clinic should be validated in the future.
